We received four reviews and engaged in editor and reviewer consultation. Reviewers and editors agreed that the article highlights an important problem, with potentially wide implications for the interpretation of several previous studies. However, all four reviewers noted the need for revisions.
-two reviewers suggest appropriate title change, for example: "Widespread contamination of Arabidopsis embryo and endosperm transcriptome datasets".
-please make good use of space with the figures, and ensure all elements are legible and easily viewed at printed size. See the attached file for example.
-make sure there are complete legends for understanding the data sets (add to additional sheet if necessary) and make use of freeze panes to aid viewer scrolling through data.
----------------------------------------------------------------------------Reviewer comments:
[Reviewer comments shown below along with author responses] TPC2016-00845-CR1 1 st Revision received Feb. 10, 2017
We thank the reviewers for taking the time to review our paper and for providing detailed and constructive comments. We have addressed the points raised by the reviewers to the best of our ability, and we believe that this has substantially improved the clarity, accessibility, and reproducibility of the results presented in our manuscript.
Reviewer comments and author responses:
We have rewritten the description of the tissue-enrichment test in more formal statistical terms in order to be as transparent and reproducible as possible. The code for the test has been made publicly available on GitHub (https://github.com/Gregor-Mendel-Institute/tissue-enrichment-test), as well as a tutorial of how to generate tissueenriched transcripts from a provided reference atlas and carry out the test on a collection of embryo transcriptomes. Because we do choose to focus on Arabidopsis transcriptomes, we agree that the narrower title is a better fit to the scope of our letter. We have replaced the manuscript's title with the one suggested. We have looked over the figures and have condensed them as much as possible while still maintaining the legibility of the text and graphics. All supplemental data tables have been reformatted with freeze panes and filter columns for easier navigation. Descriptive titles have been added to the Data Sets where needed, and headnotes have been appended to the Data Sets for further description.
Reviewer #1:
The study by Schon and Nodine paints a picture of widespread contamination of seed coat specific transcripts in numerous Arabidopsis transcriptome studies. The key to this study is the careful re-examination of transcriptome data from independent groups in addition to their past studies and newly created datasets. This comprehensive cross comparison relies on a gold standard dataset generated by Belmonte et al in which LCM was used to isolate seed compartments for the measurement of transcript abundance. The Belmonte et al dataset is not perfect as it has been previously reported and even shown in this study that separation of the suspensor from the micropylar is challenging. However, it is by far and way accepted as the gold-standard dataset for studies of seed transcriptomes. A novel statistical method was used to detect tissue specifically enriched transcripts and to cross-compare all samples. Benchmarking these publicly available seed transcriptome datasets to Belmonte et al reveals widespread seed coat transcript contamination in numerous published datasets. Well-known seed coat specific transcripts such as TT10 and STK are found in most published studies of early embyrogenesis. The appearance of these transcripts should have raised a red flag in all early studies. Schon and Nodine can even replicate this contamination by removing critical washing steps that are important to remove residual maternal transcripts as shown in Figure 1C and D. The major source of this contamination is the maternal transcripts in the seed coat, which is the dominant tissue in early development. However, Nodine show using a collection of published data that in later stages of development (heart stage or older) this contamination is a non-issue. This is most likely due to the reduced possibility of seed coat contamination as it is now a minor source of tissue.
This contamination even extends into studies of genomic imprinting, which focuses on endosperm tissue and MEGs/PEGs. Applying the same criteria for filtering seed coat transcripts in combination with accession specific identification of transcripts it is revealed that there are far fewer MEGs than previously reported and that most reported are likely due to contamination by seed coat specific transcripts. The strongest evidence to support contamination is again provided using public data. There is a single sample from Hsieh et al that does not show this contamination ( Figure 3B "c") and it was the only sample isolated using LCM (Line 125). This study provides evidence that hand dissection of endosperm tissue is a challenging technique that is overcome with LCM.
Overall, this is an excellent use of public data that shows a major technical issue affecting numerous published studies. By filtering seed coat transcripts, Schon and Nodine readdress major questions in the field and conclude that MEGs and PEGs are rare and occur in relatively equal numbers and that early zygotic genome activation involves relatively equal contributions from both the maternal and paternal genomes. This study is highly impactful, as the lessons learned in this study will likely influence careful analyses of additional plant transcriptomic datasets.
1. Line 95-97. This study reports that they cannot replicate the findings from Autran et al using the exact same data. Are the methods in Autran et al sufficiently described to exactly replicate their methods? Regardless, the exact methods (scripts) used to perform this analysis should be detailed and made public such that there is no controversy surrounding potential different analysis methods used by each group. 3. Please comment on the false negative rate associated with identification of MEGs? Well know genes are reported, but are any missing that would otherwise be expected.
RESPONSE

RESPONSE:
Three sources for false negatives exist in our analysis pipeline. First, a gene may not be detected as a MEG/PEG due to a lack of reads or lack of SNPs. Second, a transcript could pass the basic criteria for being considered a MEG/PEG but be removed by the Contamination Ratio filter due to being more highly expressed in the seed coat relative to the endosperm. Third, MEGs and PEGs may be imprinted in the endosperm at specific time points, which were not profiled in existing studies. We have expanded the body of the manuscript to acknowledge these potential sources of false negatives as well as to estimate how many true MEGs are being removed by our filter.
4. I would suggest rephrasing the title to "Widespread contamination of plant embryo and endosperm transcriptome datasets", as the current title reads as if embryo and endosperm is contaminating other data types.
RESPONSE: Thank you for the suggestion. We have changed the title accordingly except have replaced "plant" with "Arabidopsis" as recommended by Reviewer #2 below.
5. I would add a statement to the last paragraph emphasizing the usefulness of the LCM-derived Arabidopsis transcriptome data produced by Belmonte et al. This would be a good place to remind readers the value of such resources and how additional transcriptome atlases of specific tissues, cell types and additional plant species would be beneficial to the plant biology community.
We agree that transcriptome atlases like the one produced by Belmonte et al. are foundational to the field, and we now end the manuscript with a recommendation that more researchers make an effort to build more resources of this nature for the community.
Reviewer #2:
This study finds evidence for significant seed contamination of transcriptome datasets from embryos and endosperm in Arabidopsis. The authors have made good use of existing maternal seed coat transcriptome data to estimate the degree of contamination in different published transcriptomes, and have come to some very useful conclusions, e.g., that this contamination might be especially a problem for early embryos and endosperm obtained by hand dissection or FANS, but not by LCM, nor is it an issue for late stage embryos or endospem obtained by any method. The analysis appears to be valid, although this reviewer did not independently verify the details. Some of their conclusions are questionable, and there are minor concerns that should be addressed, but overall, this paper highlights an important problem, with potentially wide implications for the interpretation of several previous studies.
1. Title: The title is a bit too sweeping-there are embryo and endosperm transcriptome studies from plants other than Arabidopsis (e.g., maize, rice, tobacco), and the authors have not provided any evidence for contamination in those datasets. As the authors have noted embryo size is a factor in the degree of contamination, it is possible that they might not be as extensively contaminated, given the relatively large sizes of their embryos and endosperm. Without such evidence, it would be better to replace "plant" with "Arabidopsis" in the title. Given the importance of Arabidopsis as a model, it does not diminish this work to be more specific in the claim, and also avoids tarring everyone with the same brush.
RESPONSE: Thank you for recommending the new title, which we also agree is more appropriate. Accordingly, the current title of our manuscript is "Widespread contamination of Arabidopsis embryo and endosperm transcriptome datasets".
Line 53:
Was there a specific reason to select 8-fold as the criterion for tissue specific? This would qualify as DE, but the threshold for specificity is usually based on very low or near background expression in one of the tissues being compared, not on fold-expression.
RESPONSE:
We thank the reviewers for pointing out our incorrect use of the term "tissue-specific transcript". Our test actually identifies and utilizes "tissue-enriched transcripts", and the term has been updated throughout the manuscript to reflect this. The choice of 8-fold enrichment was determined empirically by evaluating the test's sensitivity and specificity on the reference atlas across a range of different fold changes and p-value cutoffs. These optimization steps have been formally described and added to the Methods section of the manuscript, and Supplemental Figure 1A has been added to show the results of this optimization procedure.
3. Lines 79-80: It could be mentioned here that 6 of the 8 most seriously contaminated datasets are from FANS, suggesting that this protocol is more susceptible. The other two datasets appear to contain the smallest embryos, which the authors have pointed out could be more problematic.
It is true that the embryo samples isolated by FANS show the most severe contamination. However, because these samples all came from a single publication and lab, we cannot necessarily conclude from this that the method of FANS is incapable of yielding pure transcriptome data. Nonetheless, this result warrants discussion and we have included a statement in paragraph 3 about the FANS results in the manuscript. 5. Lines 105-106: In this analysis, it appears that all genes with transcripts present in the seed coat were removed, which leaves just about 10% of the original number of genes. The authors should consider the implications-that by doing so, they would have removed all genes with basic cellular functions (e.g. so-called housekeeping genes). It is quite possible that the transcripts for these genes are in fact maternal, though not necessarily zygotic, i.e. they are carryover from the egg cell. Resolving this issue definitively would require a egg cell RNAseq transcriptome, which unfortunately is only available for rice. There is a precedent in animal embryos, where early divisions are entirely under the control of maternal transcripts. If that were the case, the remaining transcripts after subtraction might be genes for embryo-specific processes, and finding that these do not show maternal bias at the stage examined would still be very interesting. This comment could be addressed by minor rewriting of these lines, to state that the gene subset being analyzed is a restricted gene set but likely of functional significance.
It is correct that we cannot assess ubiquitously expressed genes with this particular analysis without an egg cell transcriptome. However, in separate transcriptomes of 1-cell/2-cell Arabidopsis embryos without seed coat contamination, we see no convincing evidence for maternal carryover playing a role at this stage (Nodine and Bartel 2012, see also Supplemental Dataset 4 of this manuscript). Our main objective for trying to replicate this test was to clarify whether a discrepancy existed between their datasets and ours. As described above, we could not replicate their finding, which further casts doubt on whether maternal transcriptome dominance exists in early Arabidopsis embryos. Because there is no published evidence for such maternal dominance, we feel that speculation on such a hypothetical mechanism would not be prudent.
Reviewer #3:
The study reports the presence of substantial RNA contamination from maternal tissues, as a confounding factor, in nearly all published endosperm and early embryo transcriptomes generated in past studies. This factor could explain poor reproducibility of transcriptomics data sets with RNA contamination repeatedly misinterpreted as epigenetic phenomenon. My report focuses on the statistical procedures with some additional comments to the rest of the manuscript and the figures.
Given transcriptomes for a collection, C, of tissues, the proposed enrichment test for tissue T consists of the following steps:
i. Determine a tissue-specific transcript in tissue T by ANOVA (FDR) under the additional constraint that the transcript is 8-fold upregulated in comparison to the remaining tissues.
ii. Collect the tissue-specific transcripts for tissue T as S_T. Let the number of transcripts be denoted by n_T.
iii. Sample a subset of n_T transcripts, denoted by R_T iv. Compare the cumulative distributions of gene expression in S_T and R_T.
The tissue-enrichment test is given by the negative of the log-transformed p-value of the test in 4.
Such a summary of the procedure is not provided in the methods, but was synthesized by the reviewer based on several rounds of perusing the text in the methods and the main body of the manuscript. The procedure described in the methods, which should facilitate reproducibility of the findings, is impenetrable and must be rewritten (perhaps, following the suggested structure above, and provided the additional comments below still lead to the same conclusions).
RESPONSE: Thank you for your very helpful suggestions for describing the statistical procedure in a more formal and intelligible way. We absolutely agree that the statistical procedure should be clearly described and we have rewritten the Methods sections describing our procedures for identifying tissue-enriched transcripts and performing the enrichment test on a transcriptome. To aid with reproducibility, we have additionally provided the necessary scripts for performing the test, as well as a tutorial and example datasets as a repository on GitHub (https://github.com/Gregor-Mendel-Institute/tissue-enrichment-test). We hope that these changes to the manuscript will improve the reader's ability to both understand the tissue-enrichment test and to use it for their own analyses.
The summarized procedure above has led to the formulation of the following list of questions which have to be considered to guarantee the robustness of the results and to demonstrate that no artifacts result from the proposed test:
2. Could the authors make any claims about significance of tissue-specificity following step 1, since some of the transcriptomes analyzed have a single biological replicate (and a transcript for which tissue-specificity is tested is then represented by a single value)?
RESPONSE: We apologize for being unclear in our initial description. In fact, every tissue subregion/timepoint combination that appears in the reference atlas by Belmonte et al. is represented by at least two biological replicates. To increase statistical power and reduce potential artifacts of temporally specific expression, the test additionally combines all samples for a tissue in a ±1 timepoint window around the timepoint of interest. This means that in every test, the "in-group" (see Methods, "Identifying tissue-enriched transcripts") is represented by a sample size ranging from 2 to 8. We have revised the language of the Methods section to clarify any confusion surrounding this matter.
3. Why was 8-fold up-regulation selected? The authors should demonstrate a reason for the selection of this threshold (a hint of possibilities to be explored are provided in point c, below). What happens for 6-or 10-fold upregulation?
RESPONSE: Thank you for the comment. Because the test relies on relative differences in expression values and not absolute presence or absence of transcripts, this parameter must be tuned to balance the ability to detect a tissue that is present with the specificity to exclude tissues that merely have similar expression profiles. As we now describe in the Methods section, an 8-fold increase was determined empirically to perform with the optimal sensitivity and specificity. Supplemental Figure 1A has been added to demonstrate the effects of different fold change and p-value cutoffs on the test's performance. Please also see our response to Reviewer #2, point 2.
4. Tissue-specificity implies that for any two tissues, T_1 and T_2, the respective groups of transcripts (S_{T_1} and S_{T_2}) in point 2 of the procedure above are disjoint. Is this guaranteed? Could the authors use this suggestion to select a threshold in point 1, above?
RESPONSE: As also noted by Reviewer #2, we inaccurately used the term "tissue-specific" in the place of "tissueenriched", and we have updated the language of the manuscript to correct this. However, you correctly point out that a transcript can pass all the criteria of our test and be simultaneously called "enriched" in two tissues at once. At the cutoffs we chose for the test, this is not the case for any of the 2,958 transcripts identified. However, this problem does appear at less stringent cutoffs, so we have added the rule that all transcripts found to be enriched in two or more tissues at a given timepoint are removed to ensure that all sets S_{T_1} through S_{T_n} are disjoint. The Methods have been updated to reflect this change.
5. There are some clarifications with respect to the sampling procedure: The sampling in the current procedure is repeated 100 times. Do the authors guarantee that no transcript from S_T is included in the sampled group S_R? A convincing argument why this is needed (or not) must be provided. In addition, it is not clear if each of the resulting cumulative distributions is tested against the cumulative distribution of S_T or this is done for the average cumulative distribution from the 100 samples! Furthermore, the robustness of the test with respect to a larger number of samples is to be demonstrated.
RESPONSE: Thank you for focusing on this point. Upon reexamining the nature of the test, we now believe that subsampling from the population of non-enriched transcripts is not needed or beneficial for the test, and it instead increases statistical noise and decreases sensitivity. When the mean expression of a set of tissue-enriched transcripts E(T) is higher than the mean for not-E(T), we test the null hypothesis "transcript set E(T) is not distributed differently than the transcript population not-E(T)." We believe it is sound to compare set E(T) directly to the population not-E(T) with a nonparametric test (i.e. Wilcoxon's rank-sum test). More specifically, this test is
appropriate for comparing a sample distribution to an empirical population distribution, which is known for genome-wide data. As a result, we have modified the test to avoid the use of resampling or bootstrapping techniques. We are convinced that the output of the current version of the test (described in detail in Methods) is both more sensitive and more robust than originally reported. For example, despite originally detecting seed coat enrichment in maternal transcripts for all 30 hand-dissected endosperm samples, the enrichment was not statistically significant in 4 of these samples when looking at the full complement of transcripts (maternal and paternal together). The updated test now detects this enrichment in all 30 samples without needing to first split the transcripts into maternal and paternal. Additionally, while the previous test failed to detect significant enrichment of the respective proembryo or suspensor tissues in the FANS experiments, the current version does pick up the expected tissues in addition to seed coat transcripts.
6. Are the same transcripts used for the SNP-based counts and the tissue enrichment tests? If the SNP-based analysis discards some of the transcripts, the analysis based on the tissue enrichment test should be repeated (e.g. in Fig. 1D ).
RESPONSE: When enrichment scores are reported for SNP-based counts, these scores do in fact come from separate tissue enrichment tests from those performed on the whole population of reads. Figure 1D uses the same transcriptomes as Figure 1C , but the tissue enrichment test is repeated separately on the two subpopulations of informative maternal reads and informative paternal reads.
7. Is there an intuition for the log-transformation in the definition of the contamination ratio (CR)?
RESPONSE: The log transformation makes the contamination ratio symmetrical. In other words, a transcriptome that is mostly seed coat will have a strong positive CR, whereas a transcriptome that is pure endosperm will have a strong negative CR. Transcriptomes that are a mixture of endosperm and seed coat will have CR values closer to zero, or neutral. With this definition, we expect genes preferentially expressed in endosperm tissues to be negatively correlated with CR, and those more abundant in maternal tissues to show a positive correlation.
8. The authors should provide a convincing argument why the correlation between the transcript abundance and the enrichment test results. Would it not be expected that higher abundance naturally leads to the observed higher correlations in Suppl. 
Reviewer #4:
In this manuscript, Schon and Nodine identify and quantify contamination in published RNAseq datasets from Arabidopsis seeds. Several laboratories have investigated genomic imprinting and delayed paternal genome activation by sequencing RNA from embryos and endopserms of intraspecific crosses and calculating maternal:paternal transcript ratios. Because these filial tissues are surrounded by maternal sporophytic tissue (the seed coat), it is imperative that the samples be free from maternal contamination, which would skew the data toward maternal transcripts. Nodine and Bartel previous showed that RNA contamination is a problem for hand-dissected Arabidopsis embryos. This paper quantifies the extent of the problem, reanalyzes imprinting in dissected endosperm, and offers a statistical tool to measure the quality of transcriptomes from dissected tissues.
The authors present a compelling case that many of the maternally biased transcripts are detected due to contaminating sequences from the seed coat. This has exceptional impact on the epigenetics field and is the latest salvo in the delayed paternal genome activation debate. Using an additional filter to control for seed coat contamination, they sharply reduce the number of imprinted genes in Arabidopsis.
One notable lack in the manuscript is a clear recommendation for researchers in the field. The method used to filter imprinted genes (calculating a contamination ratio and then assessing correlation between the contamination ratio and the maternal bias) requires many transcriptomes, preferably with different levels of contamination. What is preferable experimental design for a single experiment? Laser capture micro dissection? Sequencing the seed coat and filtering out genes that are expressed in this tissue? Does it depend on the targeted tissue (e.g., suspensor versus peripheral endosperm)? The data presented here might be sufficient as a framework to detect maternal contamination in Arabidopsis seeds, but what about other species? 1.
RESPONSE:
Thank you for pointing out these important topics of discussion. We agree that it is important to provide a clear recommendation to researchers in the field based on our results. To this end, we have expanded the discussion at the end of the manuscript to comment on these issues and offer suggestions for best practices in Arabidopsis and other species.
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